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[1] The FUV instrument on the IMAGE spacecraft frequently observes intense ultraviolet
(UV) emission from a localized dayside region poleward of the general auroral oval
location. One type of these emissions has been described as the signature of direct proton
precipitation into the cusp after lobe reconnection during northward interplanetary
magnetic field (IMF) and high solar wind dynamic pressure periods [Frey et al., 2002].
Here we describe a completely different type of high latitude aurora, which does not show
any signature of precipitating protons. It also occurs during northward IMF conditions
however, only during periods of very low solar wind dynamic pressure. It occurs at a
much higher geomagnetic latitude than the normal cusp location and only during periods
of positive IMF By. The intensity of the UV emission is somewhat anti-correlated with
the solar wind dynamic pressure, much in contrast to the cusp emission. The brightness of
the localized emission changes rapidly on time scales between 30 and 70 minutes without
corresponding changes in solar wind properties. Coincident measurements by the FAST
spacecraft verify that this is not the cusp, that ion precipitation is absent in these regions,
and that strong precipitation of field-aligned accelerated electrons causes the aurora.
We interpret this aurora as the optical signature of electron precipitation in the upward leg
of a current system which closes the downward leg of the current system into the cusp in
the ionosphere. INDEX TERMS: 2704 Magnetospheric Physics: Auroral phenomena (2407); 2716
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1. Introduction

[2] The objective of the IMAGE mission is to improve
the understanding of magnetospheric processes and the
interaction between solar wind, magnetosphere, and iono-
sphere. One signature of this interaction is the occurrence of
aurora. The major objective of the Far Ultraviolet Instru-
ment (FUV) on IMAGE is the observation of global
changes in the aurora accompanying large-scale changes
in the magnetosphere [Mende et al., 2000].
[3] In recent years, more attention has been given to the

terrestrial aurora on the dayside and at high latitudes, as these
regions tend to be more directly influenced by the solar wind
and processes in the far magnetotail. The development of

space-based UV-imagers has enabled year-round observa-
tions which can now be compared to in-situ measurements in
the solar wind or magnetosphere.
[4] Many different types of localized aurora at high

latitude in the polar cap have been described. Polar-cap
patches occur predominantly during southward IMF, show
enhanced optical red-line emission from soft particle pre-
cipitation, and drift in the anti-sunward direction [see, e.g.,
Walker et al., 1999]. Sandholt et al. [1986] identified the
ionospheric signatures of plasma transfer from the solar
wind to the magnetosphere creating poleward moving
auroral forms (PMAF). The characteristics of motion,
spatial scale, time of duration, and repetition frequency
were associated with flux transfer events. Fasel [1995]
studied their relation to solar wind conditions and found
that they appear pre-noon and post-noon during primarily
southward IMF. They are long (in MLT) and thin (in
latitude) auroral arcs, which separate from the dayside
auroral oval, move poleward for several minutes, and
disappear inside the polar cap [Drury et al., 2002]. Their
average lifetime is of the order of 10 minutes and is
explained with pulsed reconnection [Sandholt and Farru-
gia, 1999]. Many different kinds of arc-like features in the
polar cap have been reviewed and summarized by Zhu et al.
[1997]. These features appear during northward IMF con-
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ditions and are described as sun-aligned arcs, transpolar
arcs, or theta-aurora. They appear mostly during quiet
geomagnetic conditions. The occurrence of polar cap arcs
with respect to IMF By showed arcs in the dusk sector for
positive By and in the dawn sector for negative By,
respectively [Elphinstone et al., 1990].
[5] Large-scale dayside auroral features were described

by Murphree et al. [1990] during periods of northward IMF
with IMF Bx < 0 and By > 0. The fact that during several of
their observations transpolar arcs were connected to these
localized emission regions let them conclude that they
originated at the high latitude magnetopause, poleward of
the cusp. In a later paper Elphinstone et al. [1993] sum-
marized the dayside auroral features seen by the UV imager
on Viking and demonstrated the relation of westward and
anti-sunward motion of high latitude dayside auroral forms
with anti-parallel merging at the front side magnetotail.
[6] Ohtani et al. [1997] extended an earlier investigation

of dayside aurora byMurphree and Elphinstone [1988] with
IMF, ground magnetometer and DMSP satellite particle data
and showed the response to changes in the IMF. The solar
wind density and velocity were constant, and the appear-
ance of an auroral spot in the afternoon sector was explained
by a sudden increase of the IMF Bz.
[7] Another high latitude, dayside region of aurora is the

cusp [Smith and Lockwood, 1996]. Auroral forms in the
cusp were described from ground-based meridian scanning
photometer and all-sky camera observations [Sandholt et
al., 1998]. The location of the Svalbard ground site at 75�
magnetic latitude enabled studies during northern winter
months between 70–80� latitude and the relative motion of
the site allowed for the study of the local time dependence
on the IMF east-west By component. They demonstrated
the dependence of the cusp location on the IMF, with
lower latitudes for negative, and higher latitudes for
positive Bz, and they also described their associated par-
ticle precipitation and convection characteristics [Sandholt
et al., 2000].
[8] Milan et al. [2000] described an event study of an

interval of northward IMF, where they observed cusp
aurora near local noon poleward of the dayside auroral
oval with the UVI instrument on the Polar satellite. They
interpreted this emission as the signature of high latitude
reconnection and described its motion in response to IMF
By changes.
[9] These investigations were recently extended with

results from the FUV instrument on IMAGE, which is
capable of distinguishing between proton and electron pro-
duced aurora [Frey et al., 2001]. In a statistical study, Frey et
al. [2002] demonstrated the dependence of the proton aurora
intensity in the cusp on the solar wind dynamic pressure.
They also showed the dependence of the cusp location on
IMF By. Furthermore, the dependence of the latitude location
on Bz was demonstrated [Fuselier et al., 2002].
[10] In this paper we perform a statistical analysis of a

different kind of bright, localized, high latitude aurora,
which lacks any proton contribution and which shows rapid
brightness changes on time scales between 30 and 70
minutes. We correlate the aurora emission at high latitudes
as observed by the IMAGE-FUV instrument with the corre-
sponding solar wind parameters, and give an explanation of
their physical nature. After a brief summary of instrumenta-

tion and analysis techniques we discuss individual observa-
tions and conclude with the statistical study of 13 cases.

2. Instrumentation and Data Analysis

[11] The IMAGE satellite is in a highly elliptical orbit of
1000 � 45600 km altitude. The Far Ultra-Violet imager
(FUV) consists of three imaging sub-instruments and
observes the aurora for 5–10 seconds during every 2 minute
spin period [Mende et al., 2000]. Major properties such as
fields of view, spatial resolution and spectral sensitivity
were validated by in-flight calibrations with stars [Glad-
stone et al., 2000]. The Wideband Imaging Camera (WIC)
has a passband of 140–180 nm. It measures emissions from
the N2 LBH-band and atomic NI lines, with small contri-
butions from the OI 135.6 nm line. The proton aurora
imaging Spectrographic Imager channel (SI-12) is sensitive
to the Doppler-shifted Lyman-a emission around 121.8 nm
from charge-exchanging precipitating protons. The instru-
ment properties do not allow determination of the exact
Doppler shift and the energy of the emitting hydrogen atom.
However, as was confirmed by theoretical modeling, it is
mostly sensitive to proton precipitation in the energy range
of 2–8 keV, with very low sensitivity below 1 keV [Gérard
et al., 2000, 2001]. The oxygen imaging Spectrographic
Imager channel (SI-13) has a passband of 5 nm around the
135.6 nm doublet of oxygen OI emission. The measured
signal is a combination of OI and some contribution from
lines in the N2 LBH emission band (20–50% depending on
electron energy).
[12] Solar wind parameters for this study were obtained

through CDAWeb from the Wind and Geotail spacecraft.
The Geotail apogee of 30 Earth radii was located at about
2000 local time. Measurements within the magnetosphere
were discarded for this study. Wind changed position from a
location at 260 Re at 0600 local time to 120 Re at 0900 local
time. All solar wind properties were propagated to Earth
using the instantaneous solar wind speed values.
[13] During the time period of April 24 to June 19, 2001

(days of year 114–170) 13 clear cases and 73 hours total of
a localized bright UV emission on the dayside were found
(Table 1). Figure 1 shows examples from four different
days, when the localized feature could be observed with
WIC poleward of the dayside auroral oval location. For a
comparison we also show the corresponding SI-12 images,
which do not show any signature of energetic proton
precipitation. The three selection criteria for the events were
(1) A localized region of bright emission had to be found
poleward of the auroral oval in the WIC images, (2) the
localized region had to be observable for at least 20
minutes, and (3) no signature is allowed in the SI-12
images.
[14] The third criterion eliminated several time periods of

proton precipitation into the cusp similar to those previously
described by Frey et al. [2002]. Each individual time
sequence of WIC images was then analyzed in the follow-
ing manner. Whenever the bright feature was seen, the mean
count rate in a region of 5 � 5 pixels (about 250 � 250 km
from apogee) around the brightest pixel was determined, as
well as the location in magnetic local time (MLT) and
geomagnetic latitude. The SI-13 and SI-12 instrument
responses were then determined for the same location. If
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the instrument response of WIC to the localized emission
dropped below background level, the last location was
tracked for another 30 minutes. If the emission appeared
again within 30 minutes, the whole sequence was consid-
ered a continuous event. If the emission did not appear
again, data for 15 minutes of observations following the
disappearance were still included in this study.

3. FUV Observations

3.1. April 28, 2001

[15] FUV observations on April 28, 2001 (doy = 118)
show the most dramatic increase in WIC signal (Figure 2).
Around 21:00 UT no signal above the dayglow could be
seen. The time-propagated solar wind density was about 4
cm�3 before 20:45 when it dropped to values below 2 cm�3

and stayed there for another hour (Figure 3). All three IMF
components were positive during the whole time period.
The first sign of an increased localized dayside emission
could be seen in the image from 21:12. Within 8 minutes the
brightness increased by a factor of 7 and remained bright
after 21:20 until FUV was turned off for entry into the
radiation belt at 21:33. During the whole time period no
change in SI-12 signal aside from statistical background
fluctuations were observed in the corresponding region. SI-
13, which is also sensitive to FUV emission from electron
precipitation, showed a similar increase in response as WIC.
No obvious change in the solar wind properties could be
related to the start of the brightness increase. The 8 minutes
time difference between the propagated Wind and Geotail
measurements (top panel in Figure 3) show the approximate
propagation uncertainty. However, the time difference

Figure 1. Examples of observations of WIC (top row) and the corresponding proton images (bottom
row) for four different days in 2001. The original images were re-mapped into a MLT-latitude grid with
local noon at the top, midnight at the bottom, and dawn to the right of each image.

Table 1. Summary of All Events Used for This Studya

Date and Time Density Bx By Bz

2001–114, 13:35–17:59 2.8–4.6 (3.4) �5 to +2 (�3) +3 to +10 (+7) �1 to +7 (+4)
2001–118, 21:00–21:33 0.9–1.9 (1.4) +5 to +6 (+5) +8 to +10 (+9) +2 to +7 (+5)
2001–119, 03:00–07:46 1.9–4.0 (2.9) �8 to �4 (�7) +5 to +9 (+7) +0 to +5 (+2)
2001–119, 17:15–17:59 0.6–2.5 (1.6) �3 to �2 (�3) +1 to +3 (+2) +3 to +4 (+4)
2001–144, 03:17–09:25 1.2–5.8 (1.7) �8 to �1 (�5) +5 to +10 (+8) �4 to +4 (+2)
2001–144, 13:52–23:33 0.6–2.7 (1.1) �7 to +1 (�4) +1 to +8 (+6) �1 to +5 (+2)
2001–145, 03:33–14:25 0.9–2.0 (1.3) �7 to +1 (�4) �1 to +7 (+5) �5 to +5 (+1)
2001–145, 18:52–03:20 1.4–3.7 (2.1) �3 to +6 (+2) �1 to +6 (+3) �3 to +4 (+2)
2001–146, 08:48–15:55 0.8–3.1 (1.6) �4 to +2 (�3) �1 to +5 (+3) �3 to +4 (+3)
2001–147, 15:26–22:13 1.4–4.6 (2.9) �7 to +11 (+1) �4 to +13 (+9) �4 to +12 (+6)
2001–148, 03:25–05:40 2.7–4.3 (3.4) �3 to +3 (+0) +3 to +8 (+7) �6 to +6 (+2)
2001–149, 07:04–10:43 1.6–5.1 (2.9) +2 to +4 (+3) +6 to +8 (+7) +0 to +7 (+4)
2001–170, 02:21–11:21 0.7–3.2 (1.4) �12 to +0 (�7) +9 to +16 (+12) +0 to +9 (+3)

aThe time intervals are given in UT of FUV observations. The solar wind values are shifted for the propagation time.
Density values show the range and mean in cm�3. The magnetic field values show the range and mean values in nT,
rounded to the nearest integer.
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between the drop in density and the increase in emission
was much larger than this propagation uncertainty.

3.2. May 25, 2001

[16] FUV observations on May 25, 2001 (doy = 145)
show a long lasting localized emission (Figure 4). During
the entire period of observations the solar wind density
stayed between 1–2 cm�3 (Figure 5). The IMF Bz changed
between �2 and +2 nT and Bx and By stayed negative and
positive, respectively. After a period of rather constant but
dim emissions, the spot-like region underwent repeated
increases and decreases in brightness between 08:30 and
14:30. The time differences between brightness maxima
decreased with time from 70 minutes to 30 minutes. The
location of the brightest emission changed slowly with time
from 77� to 83� latitude. The MLT location changed too,
from 1300 during low values of IMF By (0500 UT) to 1600
later at 1100 UT when By had increased to 6 nT. During the
whole time period, the only variations in the proton
imager’s response were small statistical fluctuations.

3.3. May 25/26, 2001

[17] The observations on May 25/26, 2001 (doy = 145/
146) are summarized in Figure 6. This represents a time

period with mostly positive IMF Bx conditions. The obser-
vations coincided with a simultaneous FAST pass through
the region of localized emission. Figure 7 shows the WIC
image taken at 01:17:13 with the foot points of FAST from
one minute before to 3 minutes after the image integration.

Figure 2. Observation of WIC (top row), SI-13 (middle
row), and SI-12 (lowest row) on April 28, 2001 at 21:06:18
(left) and 21:22:39 (right).

Figure 3. Summary of ultraviolet observations and
related, propagated solar wind parameters for April 28,
2001 (doy = 118). The panels from top to bottom show the
time shifted solar wind proton density (Wind solid line,
Geotail dashed line), the Wind-measured IMF-GSM Bz

(solid line), By (dashed line), and Bx (dotted line)
components, the proton aurora emission (instrument
counts), the brightest emission in the wide-band imaging
camera (instrument counts) and the oxygen imager (instru-
ment counts) in the corresponding regions.
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The FAST location is indicated by the small asterisk. This
image is obtained just prior to the FAST passage through the
bright spot, which is located at 83� latitude and 12:50 MLT.
The FAST measurements are summarized in Figure 8. The
magnetic field disturbance in the cross-track direction
(green line, top panel) shows two major field-aligned
current regions. The more equatorward region of measure-
ments between 01:15:50 and 01:17:10 (positive slope)
shows a downward current region which coincides with
the 0.1–2 keV ion and very low electron energy (<500 eV)
cusp precipitation. Poleward of this, there is an upward
current region (01:17:10–01:20:00, negative slope) without
any proton precipitation, and a signature of latitude-energy
dispersed electron precipitation and inverted-V like struc-
tures after 0118 UT. In the dayside region of 84.5�–86.8�
latitude along the 1230 MLT meridian, this inverted-V like
structure is quite unusual.
[18] An analysis of the FAST measurements indicates,

that the electrons are likely to come from closed, and not
from open field lines. Spectra of electrons from open field
lines show electron source temperatures of a few tens of eV,
as for instance around 0117 UT in the cusp (Figure 8). The
electrons at higher latitude (01:19:30 UT) have an electron
source temperature of 300–400 eV, which indicates a
source in the plasma sheet.

3.4. May 24, 2001

[19] The observations on May 24, 2001 (doy = 144) are
summarized in Figure 9. With the exception of two very
short intervals, the IMF Bx was always negative. Bz was
almost always northward, but with small values of 0–4 nT.
By was the largest component with always positive values
between 3–8 nT. As in the previous cases, WIC showed
several periods of increased brightness from electron pre-
cipitation, while the proton imager does not show any
strong signals.
[20] This time interval coincided with a FAST pass

through the localized region of strong electron precipitation
(Figure 10), which is summarized in Figure 11. The lower
latitude cusp-like precipitation region was traversed between
18:42:00 and 18:43:30 (78.4�–80.7� magnetic latitude).
This is the region of downward field-aligned current,
medium energy ion precipitation, and electron energies
below 500 eV. The region of downward field-aligned current
at higher latitudes shows a strong electron energy-latitude

dispersion, with the highest energies of 10 keV at 83.7�
latitude. This region is practically void of ion precipitation,
and the measurements show an inverted-V electron spec-
trum. The FAST field-aligned current configuration in the
dusk sector of the polar cap (Figure 11) is consistent with
sunward directed (lobe cell) convection during the prevailing
positive By condition, in agreement with recent observations
reported in a study by Eriksson et al. [2002].
[21] A mapping code was developed which maps any

location in an FUV-image into the magnetosphere [Fuselier
et al., 2002]. It uses external solar wind parameters (IMF,
pressure) and the Tsyganenko magnetic field model [Tsy-
ganenko, 1995; Tsyganenko and Stern, 1996]. Figure 12
shows the mapping of six points along the perimeter of the
bright electron-produced emission in the 18:46:39 image,
and additionally two points from the dark region of down-
ward current are mapped too. The low solar wind dynamic
pressure of 0.4 nPa allowed the magnetopause to move
outward to about 15 Re. At this time the Bx component was
negative, and the positive IMF y- and z-components would
favor anti-parallel reconnection at the high latitude, dusk-
side magnetopause. The fieldlines from the spot map into
this direction however, they do not come close enough to
the magnetopause to allow for a reconnection with the
draped fieldlines in the magnetosheath. Rather, they map
into the distant tail. Furthermore, the IMF orientation is not
consistent with the anti-parallel reconnection to these field
lines, as the angle between the IMF and the magnetospheric
field lines from the spot would be �140� and not 180�. The
two field lines from the dark region of downward current
map close to the high latitude magnetopause where they
may be able to reconnect to the solar wind magnetic field.

4. Statistical Summary

4.1. Location of Emission

[22] All examples of bright, localized electron aurora
were found to occur between 73� and 89� geomagnetic
latitude with mean and median values of 82.4� and 82.9�,
respectively (Figure 13). Their locations were distributed
between 7.9 and 19.9 hours MLT, and the median and mean
MLT have the same values of 14.6 hours.
[23] Although the distribution of these locations resem-

bles general features of the proton aurora in the cusp
observations [Frey et al., 2002], they are different in the

Figure 4. Examples of observations by the WIC imager on May 25, 2001. The format is the same as in
Figure 1.
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mean values. The mean latitude location is 3� higher
compared to the mean cusp proton latitude of 79.2�. The
local time of this localized emission is almost 3 hours later
compared to the 11.7 hours location of the proton cusp.

Later we will show that these differences are not caused by
a bias of the data sampling, but rather are a true character-
istics of this phenomenon.

4.2. Dependence of Emission on Solar Wind
Magnetic Field

[24] The propagated solar wind measurements were used
to determine the correlation between the location and
intensity of the localized emission, and the solar wind
magnetic field and plasma parameters. The relationship
between the IMF GSM Bz value and the location and
FUV emission is given in Figure 14. Observations were
performed during periods when Bz was between �6 nT and
12 nT, but there does not seem to be a clear dependence of
the latitude location on Bz. The intensity of the FUV
emission is not biased towards specific values of Bz, as
the correlation coefficient reaches only �0.13.
[25] Figure 15 summarizes the dependence of the mag-

netic local time location and WIC signal on the value of IMF
By. As we did not find any time period with negative By

Figure 5. Summary of ultraviolet observations and related
solar wind parameters for May 25, 2001. The format is
similar to Figure 3 with the two last panels showing the
geomagnetic latitude and MLT of the brightest emission in
the WIC images.

Figure 6. Summary of solar wind and FUV observations
on May 25/26. The time for the FAST in-situ measurements
(Figure 7) is marked by the vertical dashed line.
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values, there are only measurements in the positive range of
By. There is a trend towards later local times with increasing
By, though the correlation coefficient reaches only 0.33. As
almost all observations were performed during steady IMF
By conditions, we can not determine any temporal depend-
ence of the MLT location with changes in By.
[26] Most observations reported here were made during

negative IMF Bx conditions (Figure 16). The minimum and
maximum values were �12.4 nT and 10.8 nT, respectively,
with a median value of �3.2 nT. This general behavior is
consistent with reports by Murphree et al. [1990], who
observed all their large-scale dayside features during neg-
ative Bx and positive By. However, here we also report
the observations on April 28 (section 3.1), when Bx was
consistently positive.

4.3. Dependence of Emission on Solar Wind
Dynamic Pressure

[27] Figure 17 summarizes the dependence of the FUV
emission on the solar wind dynamic pressure. All observa-
tions were made during periods of low dynamic pressure of
less than 3 nPa. For the proton aurora observations in the
cusp however, pressures as high as 38 nPa were observed
and a significant positive correlation of 0.66 was found
[Frey et al., 2002]. Here, there is rather an indication of a
negative trend, though the correlation coefficient of �0.18
is not statistically significant. The reason for this insignif-
icance is the fact that the spot-like emission occurred
intermittently during periods of constant pressure, showing
impulsive increases/decreases as in the instance described in
section 3.2.

5. Discussion

[28] There may be some concern, that the timing and
solar wind propagation from the location of Wind at 260 Re

and 6 MLT may introduce uncertainties for the correlation
of the spot-like emission and solar wind properties [Collier
et al., 1998]. The magnetosphere may interact with other
field configurations than those measured at the dawn flank.
However, during long time periods of this study, the solar
wind properties were relatively stable and the exact timing
is not crucial for most of our conclusions. There may be
additional concern, that two data sets, taken two minutes
apart (spin period of IMAGE) are not statistically independ-
ent. We tested this assumption by summarizing 5 consec-
utive data points with their minima, mean, or maxima. All
major results were nevertheless very similar and we there-
fore presented all data points in Figures 13–17.
[29] In a statistical study of polar cap arcs and their

dependence on the IMF Bz it was found that sun-aligned
arcs appeared on average with a delay of about one hour
relative to a northward turning of the IMF [Troshichev et al.,
1988]. In this study we also found many cases when the
appearance of the high latitude auroral emission was
delayed with respect to changes in IMF or solar wind
density/pressure. The dependence of our localized emission
with regard to IMF By appears to be slightly different from
the occurrence of polar cap arcs. Polar cap arcs appear in the
dawn sector for negative By and in the dusk sector for
positive By [Elphinstone et al., 1990]. We could not find
any localized bright spot of auroral emission during neg-
ative By conditions. It may be a specific feature of this data
set, however a positive By may be required for the localized
emission to appear. Such behavior would not just separate it
morphologically from extended polar cap arcs, but also in
terms of their external conditions. A few other close-by
passes of FAST (not shown here) verify that these localized
emissions are not extended in local time. However, with the
spatial resolution of IMAGE-WIC of about 200 km we can
not exactly determine, if these bright features have addi-
tional internal structure on smaller scales, as may be
indicated in the FAST measurements in Figures 8 and 11.
[30] In the past there have been reports on auroral

morphology during periods of extremely low solar wind
pressure. Parks et al. [1999] describe the aurora during 10–
12 May, 1999, when the solar wind ion density dropped to
values well below 1 cm�3 for many hours. The IMF
conditions were similar to most of our cases with negative
Bx, strong positive By and small but mostly positive Bz. At
several places they mention bright ‘‘spots’’ of aurora, for
instance at 1400 MLT, covering 78�–85� of latitude. How-
ever, they concentrate on the 22 MLT region and the polar
cap and energetic, uniform precipitation into it, and they do
not go into much detail about the cause of the bright,
localized, high latitude emission.
[31] Hoffman et al. [1988] showed that during long

periods of quiet geomagnetic conditions, the large scale
region 1 and 2 currents are mostly absent, especially in mid-
winter. However, small-scale field-aligned current structures
were found, mostly in the cusp and polar cap, with the
highest probability in summer month. Our observations here
happened during April–June, a time around northern hemi-
sphere summer.
[32] The large time delay between the drop of solar wind

densities, and the absence of obvious IMF changes related
to the appearance or disappearance of the localized emission
contradict a possible interpretation, that the auroral spot

Figure 7. Mapped WIC image taken on May 26, 2001 at
01:17:13 with the footpoint along the FAST satellite track
from one minute before to 3 minutes after image integration.
The footpoint of FAST at image integration is given by the
small asterisk.
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may be caused by the expansion of the magnetosphere
under reduced external stress. Such magnetospheric expan-
sions should occur with Alfvèn speed and new equilibrium
should be reached after tens of minutes. Here we demon-
strated several examples, where there were several hours of
time delay between solar wind changes, and strong changes
in the high latitude aurora.
[33] We presented a few examples of brightness changes

with rise times between 8 and 15 minutes (see Figure 3) and

modulations on time scales between 30 and 70 minutes (see
Figure 5). This is a general behavior of these localized
auroral emissions, but there were also extended time periods
without significant changes in brightness (for instance May
24, 16:00–21:00 in Figure 9, or May 24, 15:00–21:00, not
shown here). Sometimes the location of the auroral spots
changed slowly (see Figure 5), but there were also extended
time periods without significant changes in latitude (for
instance May 24, 17:00–22:00, Figure 9). The location in

Figure 8. Summary of FAST measurements and FUV observations on May 26, 2001. The top panel
shows the magnetic field disturbances with the green line representing the cross-track component. The
next panel is the ion energy spectrogram in the loss cone. Then follow the electron energy spectrogram
averaged over all pitch angles, and the pitch angle distribution. The next two panels summarize the
energy fluxes of electrons and ions, mapped to 100 km altitude. The last two panels are the count rates in
the six consecutive WIC and SI-12 images along the footpoint of FAST.
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local time most of the time followed the changes in IMF By,
which is also represented by a correlation coefficient of
0.41.
[34] In a report on the dependence of ionospheric con-

vection and cusp field-aligned currents on the IMF By

component, Le et al. [2002] describe in detail a long interval

of northward IMF with strong positive By and negative Bx

components, which happened in the later half of a magnetic
cloud event on May 15, 1997. The IMF conditions were
therefore very similar to most of our cases. After longer
periods with high solar wind ion densities, the densities
were rather low (below 4 cm�3) during their key times, and
therefore comparable to our situation. A combination of
model calculations and measured ionospheric convection
revealed that high latitude reconnection was the driver of
ionospheric convection. The large positive By component
rotated the usually sun-aligned pattern with two convection
cells in the morning and afternoon regions by almost 90�. A
clockwise convection cell formed on the dayside, circulat-
ing within the polar cap on open fieldlines. The second cell
with counterclockwise convection formed at the nightside
circulating across the polar cap boundary. This convection
pattern then drives a current circuit with downward field-
aligned current in the cusp region, Pedersen current in the
ionosphere, and the upward field-aligned current in the
polar cap in the center of the dayside convection cell.
[35] We performed a similar model calculation of iono-

spheric convection with the AMIE technique [Richmond and
Kamide, 1988]. As initialization for the model we used
ground magnetometer measurements to calculate the iono-
spheric convection (not shown here) and the field-aligned
currents. Figure 18 shows the result at 18:36 UT during the
WIC observations and simultaneous FAST measurements
(Figures 9–12) which is representative for several other
model runs during other time periods. The calculations show
and FAST measurements confirm that a downward field-
aligned current exists on the dayside with cusp particle
signatures (76–81� latitude, 9–16 MLT). At higher latitudes
(80–90� latitude and 14–18 MLT), where the localized
strong electron aurora is concentrated, upward field-aligned
currents are found. The mapping of this region confirmed,
that it is not connected to the high latitude magnetopause,
where reconnection may occur. Instead, it is magnetically

Figure 9. Summary of solar wind and FUV observations
on May 24. The time for the FAST in-situ measurements
(Figure 10) is marked by the vertical dashed line.

Figure 10. WIC image and track of the FAST satellite
through the 18:46:39 UT image on May 24. The line
represents the track from one minute before to three minutes
after the image exposure.
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connected to regions far in the tail. Therefore, the strong
electron aurora can not be the direct result of reconnection
under northward IMF. These observations support in large
parts the results of Le et al. [2002]. What we add here is the
temporal behavior of the aurora, which in several cases show
significant, rapid changes in brightness.
[36] We deliberately did not include FAST and FUV

measurements as input into the AMIE model runs, because
we did not want to force the results into a specific direction
but rather preferred using ground magnetometer measure-
ments only. The results are very encouraging as they show a
very good agreement with the location of major regions
from FAST and FUV measurements. Incorporation of flux

and mean energy of precipitating electrons from FUV
measurements as parameters for the ionospheric conductiv-
ity did actually not much change the results (not shown
here).
[37] It is clear that the localized strong electron aurora

appears at the footpoint of the upward field-aligned current
leg of the large-scale current circuit, which in turn may be
driven by high latitude reconnection. All our observations
were performed during periods of very low solar wind
dynamic pressure and northward IMF, which should have
allowed the magnetosphere to expand to a greater than usual
size. This expansion should have reduced the plasma
density in the magnetosphere and magnetosheath. However,

Figure 11. Summary of FAST measurements and FUVobservations on May 24, 2001. The format is the
same as in Figure 8.
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the continued northward IMF drives reconnection in the
anti-parallel merging region, which drives the current cir-
cuit. At some point the source region of the upward field-
aligned current should be depleted and unable to further
provide enough current for the circuit. At this point a field-
aligned potential builds up, which accelerates electrons in
order to continue the current flow. Protons from the source
region can not overcome this potential whenever their
energy is not high enough and that explains the complete
lack of ions in the FAST spectra. This field-aligned potential
furthermore explains the inverted-V like structures in the
FAST electron spectra.
[38] In an investigation of X-ray images and coincident

DMSP satellite particle measurements during a period of
low solar wind density Andersen et al. [1999] found an
intense emission and multi-component precipitation at high
latitude. They interpreted the lower-energy component (few
hundred eV) as suprathermal electrons from the solar wind,
and the higher-energy component (centered around 7 keV)
as electrons which were accelerated in solar flares. The solar
wind conditions were very similar to most of our cases with

low density, negative Bx and positive By and Bz. During
several of our coincident FAST passes, we observe similar
two electron components with energies below 100 eV and
around 400–1000 eV in the polar cap (not shown here).
Here, we concentrate on the very localized emission which
they describe as ‘‘inverted-V’’’ electron fluxes at the dusk
side above 80� latitude [see Andersen et al., 1999, Figure 1],
and which they claim would have produced little in the way
of X-ray fluxes to be observed by PIXIE because their
energies were too low. These electrons should have pro-
duced intense FUV emission. Furthermore, our mapping
results show, that these regions map into the magnetotail,
rather than to field lines with direct connection to the solar
wind.
[39] Auroral arcs at the poleward boundary of the north-

ward IMF cusp were investigated immediately after a
northward IMF turning [Sandholt et al., 2002]. Coordinated
ground (aurora) and satellite observations (particle precip-
itation and field-aligned current information from DMSP
F13) of multiple arcs (1–5 keV electrons) excited at the
poleward boundary of the northward IMF cusp aurora were

Figure 12. Result of field line mapping from the auroral region into the magnetosphere. The bottom
middle panel shows the original WIC image taken at 18:46:39 on May 24, 2001. Six points around the
perimeter of the localized strong emission were mapped into the magnetosphere together with two field
lines originating in the dark region of downward current, as determined by the FAST measurements in
Figure 11. The three top panels show these field lines looking from dusk, from the sun, and from above
the north pole, respectively. The bottom left panel shows these field lines in the rotated plane.
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found where the field-aligned current is directed out of the
ionosphere (see also [Sandholt et al., 2001]. These papers
indicate that a similar auroral phenomenon as discussed in
the present paper is excited under normal solar wind

dynamic pressure conditions during ‘‘cusp transition states’’
associated with northward turnings of the IMF. The auroral
forms (multiple arcs) in such cases are closely associated
with ionospheric flow shear (converging electric fields) and
upward-directed FACs at the cusp poleward boundary. The
major difference however, is the immediate response in the

Figure 14. Dependence of the latitude location and
broadband FUV brightness on the value of the IMF Bz.

Figure 15. Dependence of the local time location and
broadband FUV brightness on the value of IMF By. The top
panel also shows the least square fitted linear relation of
MLT = 13.2 + 0.205By.

Figure 13. Distribution of observations in magnetic local
time and geomagnetic latitude. The mean and median
values are similar with 82.4� latitude and 14.6 hours
magnetic local time.

Figure 16. Dependence of the local time location on the
value of IMF Bx.
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Sandholt et al. [2002] investigation, and the rather large
time delay found in this study.

6. Conclusions

[40] We performed a statistical investigation of the prop-
erties of localized, bright FUV emission at the dayside high
latitudes, which are frequently observed by the FUV instru-
ment on IMAGE. The much higher latitude location, the
requirement for low solar wind densities and positive IMF
By, and the complete absence of proton precipitation sepa-
rate this phenomenon from the previously described proton
aurora in the cusp [Frey et al., 2002]. The only similarity
between both phenomena is the occurrence during north-
ward IMF conditions.
[41] While the proton aurora in the cusp is the result of

direct precipitation after high latitude reconnection, we
think that the electron aurora here has a different cause.
Coincident particle measurements by FAST confirm, that
there is still proton precipitation along the downward field-
aligned current into the cusp at lower latitude (see Figures 8
and 11). However, the energy and flux of these protons are
too low to create a significant signal in the SI-12 imager.
They further confirm that upward currents at higher lati-
tudes with electrons of inverted-V spectra create the bright
FUV emission seen in WIC.

[42] The mapping of field lines shows that the downward
current region in the cusp maps close to the magnetopause.
These fieldlines may reconnect with the draped field in the
magnetosheath allowing for direct precipitation into the
cusp. On the other hand, fieldlines from the high latitude
region of the electron aurora spots map into the distant
magnetotail. They are unlikely to merge with the solar wind.
[43] Model calculations with the AMIE technique con-

firm, that during the period with large positive IMF By and
northward IMF, the general two-cell convection pattern in
the ionosphere is very much distorted. The locations of the
upward and downward field-aligned currents coincide with
the location of FUV observations. The spectral shape of
electrons precipitating into the localized FUV emission
indicates the existence of a field-aligned potential drop,
which accelerates electrons into inverted-V spectra and
most likely reflects protons and inhibits precipitation. The
driver for the convection is reconnection at high latitudes
which in turn creates the downward and return currents [Le
et al., 2002]. What we add here to this previous observation
is the analysis of the major properties of the aurora and the
observation of temporal changes. These fluctuations in the
auroral brightness might be interpreted as the result of
pulsed reconnection and therefore pulsed upward currents.
However, the time scales of these fluctuations are too long
(30–70 minutes) for pulsed reconnection. We rather think
that these fluctuations represent temporal changes in the
upward field-aligned potential probably caused by drops in
local density due to evacuation.

[44] Acknowledgments. We are grateful to the IMAGE-SMOC team
who keep the IMAGE spacecraft running. The IMAGE FUV investigation
was supported by NASA through SwRI subcontract number 83820 at the
University of California at Berkeley under contract number NAS5-96020.
The solar wind measurements were obtained from CDAWeb. We acknowl-

Figure 17. Dependence of the latitude location and
broadband FUV brightness on the solar wind dynamic
pressure. The lower panel also shows the least square fitted
linear relation of WIC = 1100 � 206 pdyn.

Figure 18. AMIE model calculations of field-aligned
currents for the time of the FAST pass through the bright
localized emission and the mapping in Figure 12. Solid
contours indicate downward current, dashed contours show
upward currents.
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